A genomic library of Mycoplasma synoviae (MS) was generated by using bacteriophage lambda gt11 as a cloning and expression vector. Identification of recombinant clones highly specific to MS was achieved by screening the library for expression of MS proteins with polyclonal antiserum that had been preadsorbed with 6 heterologous avian mycoplasma species antigens. Expression of the recombinant clones in Escherichia coli followed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis of the total cell lysates and immunoblot yielded a predominant reactive fusion protein of 165 kD. Two clones (MS2/28 and MS2/12) that yielded inserts of different size were selected. The 2 MS DNA inserts were subcloned in a plasmid vector, labeled with digoxigenin, and used as probes for the specific recognition of several MS strains. A high degree of conservation was demonstrated for the MS2/12 and MS2/28 genes in tested MS strains. In addition, neither DNA fragment recognized any other avian mycoplasma species (M. gallisepticum, M. meleagridis, M. gallinarum, M. iners. M. anatis, and M. iowae), thus indicating their high specificity to MS. The sensitivity of the slot blot hybridization method using digoxigenin-labeled MS2/12 and MS2/28 probes for direct detection of MS from broth cultures of field isolates was 10 5 colony-forming units/ml. These results demonstrate the effectiveness of adsorbed antisera for the isolation of species-specific mycoplasma DNA and the potential for its use as probes for the specific and direct detection of MS from broth cultures of field isolates.
Mycoplasma synoviae (MS) is an extracellular pathogen of chickens and turkeys that causes airsacculitis and synovitis. 15 MS infection leads to financial losses as the result of poor growth performance, carcass condemnation at processing, 26 and increases in mortality and in costs for the control of the disease. Despite advances made through surveillance, control, and eradication programs examplified by the National Poultry Improvement Plan, 25 MS infection continues to be a significant problem. Rapid diagnosis of the disease based on serologic testing poses difficulties because of the common antigens shared by MS, M. gallisepticum, 1, 4, 12, 21 and other avian mycoplasma species. 3 Isolation of mycoplasma species in culture and identification of mycoplasma isolates with either polyclonal 2 or monoclonal 12, 23 antibodies have been investigated as alternatives to serologic diagnosis but are still largely considered research tools.
Recently, molecular biology techniques such as restriction enzyme pattern analysis, 7, 10, 20 amplification of DNA by the polymerase chain reaction (PCR), 7, 31, 32 and the use of DNA probes 11, 13, 14, 16 have been applied as alternative methods for the detection of mycoplasmas. Because MS DNA sequence data are still lacking, molecular diagnosis using PCR or DNA probes has been mainly based on nucleotide sequence homologies found in the 16S ribosomal RNA (rRNA) of most mycoplasmas species. 7, 10, 27 This approach may allow detection of multiple species in the same specimen but may not distinguish and identify each of the mycoplasmas species. To address these disadvantages, in the present study an antiserum to MS was preadsorbed with the 6 major mycoplasma antigens to identify specific MS DNA fragments from an expression library. Here, we report on the identification of MS DNAs encoding specific antigens and their potential use as species-specific DNA probes.
Materials and methods
Bacterial strains, phage, and culture conditions. MS strain WVU 1853 was cultured in Frey's medium 8 containing 15% heat-inactivated fetal calf serum. After incubation for 48 hr at 37 C, mycoplasmas were washed 3 times with phosphate-buffered saline (PBS) before they were scraped into PBS and pelleted at 40,000 ϫ g for 30 min at 4 C. The pellets were stored at Ϫ20 C until they were needed either for DNA extraction or as an antigen source for western blots.
The ATCC 19610 type strain ATCC 25294 type strain ATCC 19705 type strain ATCC 15319 type strain ATCC 33552 type strain ATCC 25524 type strain g/ml. Growth temperatures were 37 C, except where indicated. The E. coli HB101 cells were grown at 37 C in 2YT medium. 17 Construction of genomic DNA expression library. DNA extraction was performed as previously described 5 with minor modification. Pellets of MS suspended in 1.2 ml of PBS were lysed by the addition of 100 ml of 10% sodium dodecyl sulfate (SDS) and incubated with 50 g of RNase for 30 min at 37 C. The resulting MS cell lysates were then treated with 0.05 M of ethylenediaminetetraacetic acid (EDTA) and 50 g of proteinase K. After incubation for 30 min at 37 C, preparations were extracted twice with an equal volume of phenol equilibrated with TE buffer (10 mM Tris, pH 8.0, 10 mM EDTA) followed by 1 extraction with an equal volume of phenol-chloroform (v/v) and precipitated with 95% cold ethanol for 30 min at Ϫ70 C. Collected MS DNA was rinsed once with 75% cold ethanol, dried, and resuspended in TE buffer. gt11 DNA arms and phage extracts were purchased from commercial sources. a The EcoRI-digested MS genomic DNA was ligated into EcoRI-cut and dephosphorylated gt11 DNA and packaged using commercially available reagents. a Viable phage particles representing the genomic library were used to infect E. coli strain Y1090R Ϫ grown to late logarithmic phase and prepared as described. Amplification of infected E. coli was performed on LB agar plates containing 100 g/ml ampicillin.
Immunologic screening for antigen expression in gt11. Screening for antigen expression was performed as previously described 28 with minor modifications. Phage-infected E. coli Y1090R Ϫ was mixed with NZY soft-top agar, pourplated onto 150-mm LB agar plates containing ampicillin, and incubated for 5 hr at 42 C. Nitrocellulose disks b wetted with 10 mM isopropyl-␤-thiogalactopyranoside (IPTG) were placed on the surface of the top agar, and the incubation was maintained overnight at 37 C. The nitrocellulose membranes were then removed, rinsed briefly in Tris-buffered saline (TBS; 50 mM Tris-HCl, 150 mM NaCl, pH 8), and incubated in blocking buffer (TBS containing 4% [w/v] nonfat powdered milk) for 4 hr at room temperature. Filters were then incubated overnight at 4 C with gentle agitation with rabbit polyclonal antibodies specific for MS that had been previously adsorbed with E. coli Y1090R Ϫ cell lysates 17 and 6 heterologous avian mycoplasma species antigens. 2, 3 The specificity of this antiserum to MS was confirmed by enzyme-linked immunosorbent assay (ELISA) and western immunoblotting assay as previously described. 2, 3 Next, the membranes were washed 3 times with TBS containing 0.05% (v/v) Tween 20 for 10 min each time and incubated for 2 hr at room temperature with peroxidase-conjugated goat anti-rabbit IgG. c After 3 more washings with TBS/ Tween for a total of 45 min, filters were incubated for 20 min in TBS containing 0.05% (w/v) 4-chloro-1-naphthol, c 20% (v/v) methanol, and 60 l H 2 O 2 (30%) for detection of antigen-expressing clones. Clones reacting positively were added to 1 ml lambda dilution buffer (SM) 17 containing 1% (v/v) chloroform, and titers were established for each. Plaques producing a positive signal were purified by repeating the growth on E. coli Y1090R Ϫ and then immunoscreening.
Expression and immunoblot analysis of MS antigens. Following a 5-hr incubation at 42 C in 10 mM IPTG in NZY top agar for plaque formation, proteins produced by the positive plaques were recovered by overlaying the nearly confluent plaques with SM for 5 hr at room temperature with gentle mixing and by scraping the top agar from plates. The collected top agar was centrifuged at 10,000 ϫ g for 30 min at 4 C, and proteins in the supernatant were precipitated with trichloroacetic acid, treated as previously described, 24 and subjected to SDS-polyacrylamide gel electrophoresis (PAGE). Proteins produced by recombinant phage, noninfected E. coli Y1090R Ϫ , and infected E. coli Y1090R Ϫ with nonrecombinant phage prepared as described above and whole MS proteins were separated by SDS-PAGE 2,3 using 7.5% polyacrylamide gels with a 4% stacking gel and high molecular-weight standards. c After protein transfer to nitrocellulose membranes, c polypeptides were treated with the preadsorbed rabbit anti-MS polyclonal antiserum diluted 1: 8,000 in TBS containing 4% (w/v) nonfat powdered milk.
Subcloning of gt11 clones. Following immunoscreening of the DNA library and immunoblot analysis of expressed MS antigens, the DNA of 6 randomly selected recombinant gt11 clones was isolated to confirm the presence of DNA inserts. After amplification in E. coli Y1090R Ϫ at 37 C, recombinant phage DNA was isolated from the purified clones by scraping the top agarose from plates containing confluent plaques and vortexing the agarose in SM as was described. The supernatant obtained by centrifugation of the agarose and bacterial cells was treated by 0.05% of both DNase I and RNase A. After incubation at 37 C for 30 min, the supernatant was added to the top of glycerol step gradients made by pipetting 3 ml of 5% glycerol on top of 3 ml 40% glycerol. The gradients were centrifuged for 1 hr at 4 C at 38,000 rpm in a swinging bucket rotor. d The bacteriophage pellets were suspended in 500 l SM to which 0.5% (v/v) SDS and 1 g/ml of proteinase K were added. After incubation at 37 C for 30 min, the DNA was extracted with phenol and chloroform and was precipitated with ethanol by standard methods. 17 The size of MS DNA fragments contained in the 6 -phage clones was determined by digestion of the phage DNA with the restriction enzyme EcoRI and electrophoresis through 0.5% agarose gels. Two clones that yielded inserts with different size were selected. The EcoRI insert of each gt11 clone was excised from the gel, subjected to fragmentation with passage through a 26-gauge needle, then mixed with an equal volume of phenol and frozen in a dry ice-ethanol bath for 5 min. After centrifugation, the top aqueous layer was recovered and extracted once with an equal volume of phenol, once with buffered phenol-chloroform (1/1, v/v), and once with chloroform. Purified DNA was then precipitated and finally cloned into the EcoRI site of plasmid pSPT19. e Recombinant plasmids were amplified in E. coli HB101 competent cells, and DNA was isolated by alkaline extraction. 17 Development of MS DNA probes. The plasmid DNA from each of the 2 clones was harvested and purified by CsCl gradient centrifugation, 17 digested with EcoRI, and electrophoresed on 1% agarose gel. The MS DNA inserts were excised from the gel and purified by phenol/freezing as described. The purified inserts were labeled with digoxigenin (DIG) by using the DNA labeling kit f and used as probes for further analysis by slot-blot assay. b The sensitivity of the 2 MS DNA probes was determined by their hybridization in slot-blot assay with various concentrations of MS WVU 1853 genomic DNA in broth culture.
Application of the 2 MS DNA probes. The 2 probes were used in slot-blot analysis against cultures of MS from clinical isolates g and 6 other avian mycoplasma species (Table  1) to determine their specificity. Broth cultures (10 ml), grown at 37 C for 24-72 hr depending on the mycoplasma species, were centrifuged at 18,000 ϫ g, and cells were suspended in 1 ml TE buffer. The suspensions were treated with 1% (v/v) SDS and 100 g proteinase K, incubated for 30 min at 37 C, and mixed with an equal volume of 5ϫ standard saline citrate (SSC; 1ϫ SSC is 0.15 M NaCl, 0.015 M sodium citrate). Preparations were boiled for 10 min, applied to nylon membranes using the slot-blot apparatus, and fixed to the membranes by exposure to ultraviolet light. Hybridization with the two DIG-labeled MS DNA probes was achieved under stringent conditions (68 C), and the reaction was developed as recommended for the DIG chemiluminescent detection kit. f Nylon membranes were exposed to x-ray film for 15 min at room temperature. Likewise, the specificity of the 2 probes was confirmed by their application against . Lanes S1 and S2 (top) depict autoreactivity of MS2/28 and MS2/12, respectively. Lane S1 (center) shows reactivity of the MS2/28 probe with homologous MS DNA fragment of 2.8 kbp (column 1) and heterologous insert of 1.6 kbp (column 2). Lane S2 (bottom) shows reactivity of the probe MS2/12 with homologous MS DNA fragment of 1.6 kbp (column 2) and heterologous DNA insert of 2.8 kbp (column 1). avian mycoplasma isolates from tracheal swabs. Procedures of culture, isolation, and identification of the mycoplasma from tracheal swabs from live birds were performed as described elsewhere. 2
Results
Genomic library formation and screening. The MS genomic bank constructed in gt11 phage yielded 3 ϫ 10 10 plaque-forming units/ml when plated on E. coli Y1090R Ϫ . More than 50% of the gt11 clones were identified as recombinants by the insertional inactivation of the ␤-galactosidase gene of the vector. 29 Plaques screened for the expression of MS immunoreactive proteins with antibodies specific for MS 2,3 revealed approximately 200 positive plaques (data not shown). Positive plaques were again screened with anti-MS serum (preadsorbed) to confirm strong reactivity among them. After purification of 16 positive clones, protein lysates generated from phage plaques were subjected to SDS-PAGE. Phage-encoded proteins were analyzed for the presence of MS proteins by western immunoblot assay using the preadsorbed anti-MS serum (Fig. 1) . Most recombinant phages led to the synthesis of a protein of approximately 165 kD, but 3 of them expressed an additional immunoreactive protein of approximately 30 kD (lanes 27, 28, 54, Fig.  1 ) and 1 clone generated only a protein of 30 kD (lane 60, Fig. 1) .
The adsorption of the anti-MS hyperimmune rabbit polyclonal antibodies with E. coli Y1090R Ϫ cell lysates and 6 heterologous avian mycoplasma antigens demonstrated specific reaction with MS antigens (lane MS, Fig. 1 ) but no cross-reaction with E. coli Y1090R Ϫ lysogenized with nonrecombinant phage gt11 (lane gt11, Fig. 1) or with whole-cell lysates of E. coli Y1090R Ϫ except with low-molecular-weight antigen (lane Ec, Fig. 1) . Thus, the reactivity of the adsorbed MS antiserum with the recombinant lambda phage-encoded antigens strongly suggests that MSspecific epitopes were expressed by these clones.
Two of the recombinant gt11 clones, MS2/28 and MS2/12 (Fig. 1, lanes 28 and 14, respectively) , were selected of all the gt11 recombinant clones analyzed by western blot. The 2 clones led to the synthesis of the 165-kD fusion protein; clone MS2/28 (lane 28, Fig.  1 ) also evoked the expression of the 30-kD protein band. Digestion of MS2/28 and MS2/12 DNAs with EcoRI resulted in the cleavage of the gt11 phage arms away from the MS DNA inserts with approximately 2.8 kbp and 1.6 kbp molecular mass, respectively (data not shown). Clone MS2/28 also yielded an additional band of 1.3 kbp presumably because of the presence of an internal EcoRI site. The latter may be still present as a result of partial EcoRI digestion of MS chromosomal DNA prior to cloning into the gt11 vector.
Development, study, and application of DIG-labeled MS DNA probes. The 2 DNA fragments of 2.8 kbp and 1.6 kbp derived from EcoRI digestion of clones MS2/28 and MS2/12, respectively, were subcloned into the EcoRI site of plasmid pSPT19. The MS DNA inserts produced by these subclones were labeled with DIG and studied by slot-blot analysis for their specificity and sensitivity in hybridization. In slot-blot analysis, the two MS DIG-labeled probes (MS2/28 and MS2/12) hybridized under stringent conditions with MS strain WVU 1853 genomic DNA but not with M. (Fig. 2) . Positive signals were detected when MS2/28 and MS2/ 12 probes hybridized in slot-blot assays with 18 MS clinical strains (Table 1 ; Fig. 3 ). However, the reactivity of the MS2/12 DNA probe was weaker than that observed for the MS2/28 probe. Both probes also hybridized with 13 other MS tracheal-swab cultures but not with M. gallisepticum and M. meleagridis trachealswab cultures (Fig. 4) , which had been previously isolated and identified by ELISA as described earlier. 2 These results indicated that the cloned MS DNA fragments are highly specific to MS and are conserved in all tested MS strains.
The study by slot-blot assays of the sensitivity of MS2/28 and MS2/12 DNA probes indicated that when the 2 DIG-labeled probes were hybridized with MS WVU 1853 DNA, the minimum detectable concentration was 117 pg, which is equivalent to 1.4 ϫ 10 5 CFU for the MS2/28 probe, and 468 pg, which is equivalent to 5.6 ϫ 10 5 CFU for the MS2/12 probe (columns 1 and 2, Fig. 5 ).
Discussion
Improved methods such as DNA probe analysis play an important role in successful detection of MS infections. Several laboratories have been involved with the development of recombinant DNA probes for avian mycoplasmas, particularly for MS and M. gallisepticum (MG); 9,13,22 these 2 species are known to crossreact in many assays. 3, 4, 9 Specific detection of mycoplasmas relies on the identification of species-specific DNA sequences encoding a variety of structural proteins, as has been achieved for MG 18, 19 but not yet for MS. The prime objective of the present study was to develop probes highly specific to MS. Previous work has demonstrated the effectiveness of eliminating cross-reactions between avian mycoplasmas by adsorbing a polyclonal antiserum directed against a given mycoplasma with a pool of mycoplasma antigens from heterologous species. 2, 3 In the present study, this concept was taken a step further by using adsorbed MS antiserum for the screening of an expression MS DNA library to enrich the recombinant clone populations with specific MS DNA sequences. Furthermore, this method should provide recombinant clones that encode for immunodominant epitopes, which would be of interest because no sequence data are currently available for MS genes encoding immunogenic proteins.
The cloning approach described have allowed the identification of 2 MS DNA fragments, referred to as MS2/28 and MS2/12, which were highly specific to MS. In a slot blot hybridization DIG-labeling assay, both fragments strongly recognized the MS strain WVU 1853 but failed to react with MG, M. meleagridis, M. gallinarum, M. iners, M. anatis, and M. iowae genomic DNA, indicating that they were probably unique to MS. The 2 MS DNA fragments also hybridized with several MS clinical strains and tracheal-swab cultures, indicating that they are highly conserved. Taken together, the above findings consistently demonstrate the effectiveness of using MS2/28 and MS2/ 12 as specific probes for the detection of MS.
The cloned fragments gave rise to 2 strongly reacting protein bands, one of 165 kD and one of 30 kD. Given its molecular mass, the 165-kD protein band is presumed to result from a gene fusion between lacZ of the vector (approximately 110 kD) and part of the MS gene within the DNA insert. The 30-kD band might result from internal ribosomal initiation of translation or it may simply represent a breakdown product of the 165-kD protein.
Recently, MS2/28 and MS2/12 were completely sequenced, expressed in E. coli, and identified as part of the coding region of an immunodominant surface complex protein of MS (Ben Abdelmoumen et al., submitted). Thus, these are the first probes for MS that are not based on the 16S RNA but are specific for MS surface antigens. In a previous study, specific detection of mycoplasmas was achieved using oligonucleotide probes complementary to the variable region of the rRNA. 9 Although the results are very convincing, such probes may generate false-negative results because they are targeted to a region where frequent sequence variations occur. The possibility exists that MS2/28 and MS2/12 may also undergo sequence variation; however, MS2/28 and MS2/12 encode surface immunodominant proteins, which might be subjected to immune selection. If so, variations would concern only short sequences representing variable epitopes and probably would not completely block the hybridization of the probes.
In terms of sensitivity, the lower limit of detection for both probes was about 10 5 CFU. This value is in the range of values previously reported 6, 30 when no improvement strategy such as preamplification of the DNA target by PCR was employed. 9 In this respect, under similar conditions of hybridization, MS2/28 was more sensitive than the MS2/12 DNA probe. This variation in sensitivity between the 2 MS DNA probes could be a function of stringent conditions (high temperature of 68 C) used in the hybridization reactions, which seem to favor MS2/28. MS2/28 might be also preferred because sequence comparisons did not reveal any homology with any DNA sequence already deposited in the gene bank. In contrast, although MS2/ 12 did not hybridize under these experimental conditions with MG, sequence comparison revealed considerable homology between MS2/12 and the MG pMGA1.7 gene 18 (Ben Abdelmoumen et al., submitted). These sequence comparison analyses are consistent with the finding that when the hybridization temperature was lowered to 42 C, a slight reaction of MS2/12 with MG DNA could be observed, whereas MS2/28 remained unreactive (data not shown).
Two MS DNA fragments were developed and used as probes to improve the specific detection of MS. In contrast to most previously used probes, these probes are highly specific to MS because they do not localize in the rRNA gene but are part of genes encoding conserved MS surface proteins. The high specificity of such probes may be very useful for accurate epidemiologic investigations.
